White clover (Tifoium repess L.) To test this hypothesis in Ladino clover callus, I examined the effects of reacting SH reagents with cellular SH groups and the effectiveness of DTT as a protectant of cellular SH groups. Five SH reagents reacting by three different mechanisms were selected for study: (a) PCMBS, PCMBA, and HgCl2 form mercaptides with free SH groups; (b) IA alkylates free SH groups; and (c) NEM forms addition products with free SH groups. Cells are permeable to these SH reagents and many biochemical pathways are inhibited, including glycolysis, the tricarboxylic acid cycle, fatty acid oxidation, phosphate transfer, and many biosynthetic routes (21). DTT, introduced by Cleland (2), is membrane permeable (11) and is an effective reagent for maintaining free SH groups by reversing or preventing disulfide formation. The results presented here confirm that HgCl2, IA, PCMBS, PCMBA, and NEM acted as elicitors in the callus system and that pretreatment of callus tissue with DTT inhibited elicitor activity.
24-hour exposures to sulfhydryl reagents, m m obtainable levels of medicarpin, determined by high perfornance liquid chromatography analysis, were found with 50 mRlliar N-ethyl maleimide, 25 lar HgCI6, 2 miimolar p-chloromercurlbenzoic acid, and 0.5 milar iodoacetamide. Increased medicarpin levels were also observed in callus treated with p-chloromercuribenzene sulfonic acid, but the highest concentration tested (11.8 mi_m r) did not produce the maximum response. After sulfhydryl treatment, medicarpin levels were unchanged for 4 to 6 hours, but steadily increased thereafter with maximum accumulation occurring by 48 to 50 hours for p-chloromercuribenzoic acid, p-chloromercuribenzene sulfonic acid, and HgC12 treated callus. Medicarpin levels did not increase in iodoacetamide-treated callus until 8 hours after sulfhydryl exposure, and medicarpin levels were still increasing linearly after 50 hours Three other metabolic inhibitors, KCN, NaF, and Na3AsO4, did not exhibit elicitor activity, indicating cell death was not a factor in the response. Pretreatment of callus with 20 mimlar dithiothreitol followed by 40 mOlilar N-ethyl maleimide did not produce the phytoalexin response. Preincubation with dithiothreitol also prevented elicitor activity of HgC12 and p-chromercuribenzene sulfonic acid These results suggested that dithiothreitol pretreatment somehow prevented sulfhydryl groups within the cell from reacting with the test comp_ods. These experiments est d that the integrity of sulfiydryl groups is important in regulating phytoalexin accumulation in callus cells.
Mercuric chloride and other heavy metal salts have been used by many investigators to induce phytoalexin accumulation in plants (16, 20) by unknown mechanisms. Mercuric chloride has been used to stimulate the accumulation of many of the reported phytoalexins and can be considered a universal abiotic elicitor. Phytoalexins produced in plants exposed to HgCl2 include ipomeamarone in sweet potatoes (19) , pisatin in peas (5, 13), glyceolin in soybeans (23) , and medicarpin in jackbean callus (12) and alfalfa (15) ; four phytoalexins of the phaseollin family were also produced in bean (4, 8) . Mercuric chloride is also an effective SH2 reagent and has frequently been used as an enzyme inhibitor (21 carpin (see below). If medicarpin accumulation in the callus e was low, the three remaining pieces in the correspondins flask were discarded. The callus with high medicarpin levels in the remaining flasks was divided and used for experiments or as a source of tissue to maintain the line.
HPLC Analysis of Medicarpin. 2-Butanone callus extracts (1. ml) were evaporated to dryness in vacuo, 0.2 ml ethyl acete was added to dissolve medicarpin, and after 1 min, 0.8 ml hexanes was added. This mixture was then filtered through a 13-mm Swimey stainless steel filter holder with a 0.5-,um pore size Fluoropore filter ( Mixed Callus Assay. To prepare mixed callus, enough tissue for an experiment was placed in sterile liquid culture medium (2 ml/ callus piece) and gently broken with a spatula to obtain a preparation of uniformly small cell clumps. After this suspenion was filtered through a single layer of cheesecloth, approximately 1.5 g of the sterile wet tissue was transferred to a sterile 7-ml capacity weighing bottle containing 1 ml liquid culture medium and the test compound. Incubations were for specific times under the same lighting conditions as described for callus piece incubations. Ten min prior to termination of incubations, bottle contents were filtered by suction through Whatman No. 42 filter paper, callus was divided into three approximately equal portions, and each was placed in tared test tubes to obtain the wet tissue weight. The incubation period was terminated by homogenizing callus tisue in 5 ml 2-butanone with the PT 10 ST generator. A l-ml portion of each extract was analyzed for medicarpin by HPLC analysis (see above). This procedure accounts for 95% of the medicarpin extracted from callus and incubation medium.
Reagents. When available, reagent grade chemicals and solvents were used. DTT, NEM, PCMBA, PCMBS, and IA were purchased from Sigma. Authentic medicarpin was isolated from jackbean callus as described by Gustine et al. (12) . Ethyl acetate was distilled before use for HPLC.
RESULTS
Variation of Medicarpin Accumulation in Callus. Single callus pieces from 103 flasks were incubated with 6.3 mm HgCl2 and analyzed for medicarpin (Fig. 1) . During a 4-week period of testing, most callus pieces accumulated medicarpin at levels higher than those found in untreated callus (<5 ,ug/g). A comparison of the accumulated medicarpin levels for the callus pieces (Fig. 1) shows that there was a high degree of variation. Although the weights of the callus pieces varied from 0.52 to 1.61 g, medicarpin levels were not correlated with callus weight, nor were they correlated with time between initiation of tissue growth on fresh medium and measurement of medicarpin. Because of the large variation, the callus mixing procedure described under "Materials and Methods" was adopted for this study.
Elicitor Activity of Sulfhydryl Reagents. Five SH reagents were tested as elicitors in the mixed callus system. Accumulated medicarpin levels were concentration-dependent for all of the abiotic elicitors tested (Fig. 2) . The variation of the maximum accumulated levels of medicarpin in Figure 2 was a function of the callus used for an experiment and not of the SH reagent. NEM, PCMBA, and IA produced maximum medicarpin levels after 24 h at 50, 2, and 0.5 mi, respectively. HgCl2 produced a maximum response at 25 mm, but its activity was reduced at higher concentrations. Figure 3 . Medicarpin levels in distilled H20 controls (2-4,tg/g callus) were unchanged after 24 h.
The highest concentration tested for PCMBS (11.8 mm) was not high enough to produce a maximum response. Concentrations of IA greater than 1 mm (up to 50 mM) did not produce any change in accumulated medicarpin levels (data not shown).
Accumulated medicarpin levels in callus treated with SH reagents was time-dependent (Fig. 3) . To minimize the possibility of cell death, no more than optimal concentrations of PCMBA (1.5 mM), IA (0.5 mm), HgCl2 (6.3 mm), and PCMBS (8 mm) were examined in the mixed callus system. A time lag of several hours was observed for all four elicitors (Fig. 3 ) before medicarpin levels increased significantly above the background level of 2 to 4 ,ug/g callus tissue. Medicarpin levels increased rapidly after 4 h of exposure of callus to PCMBA, HgCl2, and PCMBS, and continued to increase until 12 h, after which the rate of increase declined.
Although the data is not shown, the time course for 30 mm NEM was identical to that shown for 6.3 mm HgCl2 in Figure 3 .
Medicarpin was not measured after 50 h, but the results in Figure  3 (3, 4, 18, 19) , three inhibitors were tested in the mixed callus system. KCN, an uncoupler of electron transport, NaF, an inhibitor of glycolysis, and Na3AsO4, an inhibitor of glycolysis and oxidative phosphorylation, were compared with HgCl2 (Table  I) . At the two concentrations tested, elicitor activity was minimal for a 24-h period. The only significant increase in medicarpin accumulation was found with NaF at 10 mm (36% of the level produced with HgC12).
Reversal by Dithiothreltol. Mixed callus was incubated for 60 min in 0 and 40 mm DTT, then exposed to 40 mm NEM for 24 h, and the medicarpin level determined in the tissue (Fig. 4) . The data show that a linear decrease was observed (r2 = 0.99). If DTT did not react at sites on the surface of, or within the callus cells, but simply reacted with NEM, one would expect a mirror image of the curve for NEM in Figure 2 as shown by the dashed line in Figure 4 . Figure 4 . Those data points fall within the expected medicarpin levels (dashed line, Fig. 4) . Preincubation of callus for 30 min with DTT also inhibited elicitor activity of HgCl2 and PCMBS. The medicarpin level in callus preincubated with 10 mm DTT, followed by a 24-h incubation with 4 mm PCMBS, was depressed 90.5% compared to PCMBS-treated callus. Similarly, the medicarpin level in callus treated with 10 mM DTT and 6.3 mM HgCl2 was depressed 78.7% compared to HgCl2-treated callus.
DISCUSSION
Externally added elictors act by unknown mechanisms in plants.
Several partial mechanisms have been described (20) and recently Hargreaves and Bailey (14) and Hargreaves (13) proposed that the initial interaction of an elicitor with a plant cell leads to the release of a preformed plant metabolite which stimulates phytoalexin accumulation.
SH reagents have been implicated as abiotic elicitors (18, 19) in pea and sweet potato, and as inhibitors of the rapid hypersensitive death of potato tuber cells (6) . Several laboratories suggested that abiotic elicitors of this type are active because they cause cell injury or death (13, 14, 19, 20) . However, at least one exception to this was found in peas where pisatin accumulation elicited by HgCl2 was not associated with cell death (13) . In contrast, Doke and Tomiyama (6) reported that some SH reagents inhibited death of potato cells exposed to Phytophthora infestans.
In the experiments reported here, SH reagents were used at less than optimum concentrations so that cell death or injury were minimized. Three results support this view: (a) cell death, as evidenced by decrease in medicarpin accumulation, was not observed until the concentration of HgCl2 was 4 times (25 mm, Fig.   4 ) that used in time-course experiments; (b) IA concentrations up to 50 mm did not cause a decrease in medicarpin accumulation (Fig. 4) , the expected result of cell death; and (c) concentrations of cyanide, fluoride, and arsenate (10 mm) that would completely stop respiration and therefore cause cell death, produced medicarpin levels only slightly above controls (Table I) . If cell injury, but not cell death, leads to medicarpin accumulation, then low concentrations (1 mM) of cyanide, fluoride, and arsenate should have exhibited elicitor activity, but did not (Table I ). In lieu of cell viability measurements by staining techniques, these obser-vations suggest that cell death and perhaps cell injury were not associated with medicarpin accumulation in callus cells. The wide variation in the minimum concentrations of elicitors needed to produce optimum medicarpin concentrations in callus (Fig. 2 ) may reflect differences in the ability of SH reagents to enter the cell. Thus, IA was an effective elicitor at the lowest concentration of the five apparently because it more readily crossed the cell membrane. The wide variation in elicitor concentrations also indicated that the five SH reagents elicited the callus response after they were inside the cells and not at the wall or membrane surface.
The results reported here are consistent with and may support the constitutive elicitor hypothesis of Hargreaves and Bailey (14) . The delay in accumulation of medicarpin (Fig. 3) has also been observed in other phytoalexin-producing systems; in soybean this is thought to be due to a requirement for mRNA and enzyme synthesis before the biosynthetic pathway can operate (16, 23) . Yoshikawa (22) reported that glyceollin accumulation in soybean cotyledons treated with abiotic or biotic elicitors derives from different modes of action. HgCl2 had little effect on biosynthetic rates, but inhibited degradation of glyceollin, whereas Phytophthora megasperma cell wall stimulated biosynthesis, but had no effect on glyceollin degradation. It is possible that medicarpin accumulated in callus after treatment with SH reagents as a result of inhibited degradation. However, Moesta and Grisebach (17) contradicted Yoshikawa (22) , finding that accumulation of glyceollin in soybean cotyledons resulted from stimulation of its synthesis by both glucan elicitors from P. megasperma and HgC12. The question of whether SH reagents stimulate medicarpin biosynthesis or inhibit its degradation is currently being investigated. Preincubation of callus with DTT followed by addition of NEM (Fig. 4) 
